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Forward:

Abiotic stresses, such as drought, salinity and low temperature, greatly limit crop
production worldwide. Plants respond to these stresses by changing expression of
different genes . Identification of key genes and their functions in stress response can lead
to an understanding of the mechanisms of plant response to these stresses. Manipulation
of these genes through traditional breeding or genetic engineering can improve stress
tolerance and thus yield of crops.

Abstract:

To identify key genes that are required for stress response, a reverse genetics approach
was taken to manipulate expression of candidate genes in plants. In this project, two
potential regulatory genes which were originally identified as stress-responsive genes
from a microarray experiment in Arabidopsis were examined for their roles in stress
tolerance. Over-expression of gene A, which was up-regulated under stress conditions
based on the array data, caused earlier flowering and improved plant growth under
salinity and dehydration stress conditions at the seedling stage. Over-expression of gene
B, which was down-regulated under stress conditions based on the array data, resulted in
greater susceptibility to salt and dehydration stress. The null-function mutant of gene A
did not show a difference in stress tests compared to control plants, presumably due to
functional redundancy of other genes in plants . We propose gene A can potentially be
used for stress tolerance improvement in crops.
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1.0 INTRODUCTION

Abiotic stresses, such as drought, salinity and low temperature, greatly limit crop
production worldwide. In order to improve plant growth and thus maintain crop yield
under stress conditions , it is of great importance to understand how plants respond to
stresses .

Plants, including crops , respond to stresses by changing expression of different genes.
The differential regulation of gene expression is a result of a complex signal cascade,
namely signal transduction, after plants sense stresses . Identification of key genes and
their functions in signal transduction can lead to an understanding of the whole pathway
of plant response to these stresses . These genes can be used to generate stress tolerant
crops through traditional breeding or genetic engineering .

Using microarray (gene chip) as a tool, expression of more than 8,000 genes in
Arabidopsis was studied when plants were treated with high salinity, osmotican
(mimicking drought) or low temperature (Kreps et al., 2002). Among several hundreds of
genes that responded to stress treatments, we have selected two genes for further analysis.
These genes are early-responsive to stresses and are putative regulators for controlling
expression of other genes. Thus, these genes may be some of the key components in plant
response to these stresses .

HYPOTHESIS: if these genes are indeed the key components in stress response
pathways, manipulation of expression of these two genes should lead to a change in
expression of downstream genes and thus plant response to stresses . The objective of this
research project is to examine the significance of two selected genes in stress tolerance
using a reverse genetics approach, either using null-function mutants or using overexpression transgenic plants.

The primary reason this research topic interests me is that I feel the identification of key
genes for stress responses in plants is important. The results could have widespread

5

benefits for crop production. Most climates, including Utah's, impose at least some
stresses on crop plants throughout the year, and perhaps these plants could be improved
to better tolerate these stresses through this research.

The second reason I perform this research is more personal. I enjoy this opportunity to
develop independent thinking and research abilities. Although I have been a research
assistant with limited responsibility and understanding of each project, this research gave
me the opportunity to be involved in more areas of the project, and I was able to
understand the background and future of the project.

2. 0 Arabidopsis thaliana

The plant we used for this research is called

Arabidopsis thaliana (Common Name : Mouse Ear
Cress). This tiny weed is commonly used in genetic
research. This dicotyledonous angiosperm provides us
general strategies of seed production, growth,
development, and flowering that are the same as or

)

similar to other higher crop plants . On the other hand ,
its life cycle is completed within three months, and it
reproduces by self-fertilization and artificial crossfertilization.
Figure 2-1 : Arabidopsis thaliana
The entire genome of Arabidopsis is completely sequenced. It is made up of five pairs of
small chromosomes which carry about 28,000 genes . The genome size of 125 million
base pairs, even within the plant kingdom, is one of the smallest. For genetic studies, the
genome of model organisms should be relatively small, yet it should share other
organisms' genomic characteristics. Therefore, Arabidopsis is a model system widely
used for understanding growth, development, physiology, and biochemistry of dicot
plants at the molecular level.
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3.0 Materials and Methods
3.1 Reverse genetics
Identification of null-function mutants:
The two genes selected for this study were: Gene 3 and Gene 6. Gene 3 encodes a
putative transcription factor , and gene 6 encodes a protein kinase (Kreps et al.,
2002) . Thus both genes are potentially involved in the regulation of expression of
other genes.

By searching the T-DNA insertional mutant database (www.arabidopsis.org),

we

identified mutants mu666 and mu665 for gene 3 and gene 6, respectively. Using a
PCR-based method, we confirmed the insertional mutations and identified
homozygote mutants . RT-PCR analysis confirmed that mu666 and mu665 are true
null mutants , i.e. no functional transcripts exist ( data not shown).

Over-expression of gene A and gene B
Over-expression of Gene 3 and Gene 6 were driven by a promoter from either an
actin gene or a stress-inducible gene, RD29A. The actin promoter is a strong
promoter and expresses the gene constitutively. Although a strong promoter
usually leads to a strong phenotype , it can often result in an unfavorable
phenotype, since over-expression can use up too many resources in plants .
RD29A promoter expresses the gene at a low level under normal growth
conditions , but can express the gene at a very high level when plants are
experiencing salinity or dehydration stress (Kasuga et al., 1999). Thus, using
RD29A promoter is an efficient way to over-express a gene that is required for
stress response.

ACTIN Promoter

Gene

A Promoter

Gene
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Figure 3-1: Over-expression Constructs

The transgenic plants were selected using a herbicide-resistant marker for three
generations until plants reached homozygocity for the transgenes. Five or more
independent transformant lines from each over-expression construct were tested
in this project. The transgenic plants that were over-expressing gene A with actin
promoter or RD29A promoter were designated as line 3 or line 13 series,
respectively . The transgenic plants that were over-expressing gene B with actin
promoter or RD29A promoter were designated as line 6 or line 16 series,
respectively.

3.2 Characterization of transgenic and mutant plants

3.2.1 Gene expression analysis
RT-qPCR or real time PCR was used to quantify the gene expression level
in the over-expression transgenic plants. Total RNA was extracted from plants
using RNAwiz (Ambion, TX). One microgram of total RNA was treated with
DNase I (Promega , WI) to remove possible genomic DNA contamination.
Reverse transcription was performed using Reverse Transcription System
(Promega, WI) . The product , cDNA , was used as the template for qPCR reactions
with gene specific primers . The transcript level of an actin gene was also
quantified and used as a control to normalize gene expression level of each
sample. DNA products from each PCR reaction were separated on an agarose gel
and visualized using an image system (FluroS Multilmage system, BioRad, CA).
The normalized transcript level of each sample was then compared with its
control , such as transgenic plants compared with wild type plants, to get a fold
change in gene transcript level.

3.2.2 Stress testing
To test if the over-expression transgenic plants or null-function mutants
showed altered stress tolerance, the plants were treated with various stresses.
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Some physiological parameters, such as survival rate and root elongation, were
recorded. All plants were grown either in growth chambers or on light shelves
under a 14/10 light/dark photoperiod at 23 °C. The light was provided with cool2

2

white inflorescence light bulbs, reaching an intensity of about 100 µmol m· s· on
the surface of each shelf. The following are more detailed abiotic stress tests we
conducted. All the experiments were repeated at least twice unless specified. Data
are presented as means ± SE .

Salinity Stress:
A) Root elongation:
Seeds were surface sterilized in a 50% bleach solution and rinsed
thoroughly with sterile water. Clean seeds were germinated on Murashige and
Skoog salt (MS salt)-phytagel plates . Two days after germination, when roots
were about 1 cm long, seedlings were transplanted into new plates containing
different amounts of NaCl, 0, 75, 100 mM. Root elongation was one of the most
sensitive responses of plant growth to stress treatments. Measuring root
elongation under salinity stress has been used extensively to evaluate plant
tolerance to salinity stress (Wu et al., 1996). The root elongation rate and total
root length were recorded.

B)

Soil experiment:
Four-week-old plants grown in MiracleGrow potting soil (Scotts, OH)

were tested for salt-tolerance. The plants were treated with a 150 mM NaCl
solution containing 1 mM KCl and 2 mM CaCli. Plant survival rate were
compared between wild type plants and mutants or transgenic plants. To keep the
salt concentration relatively constant in the soil with time, pots were soaked in an
excessive volume of the freshly-prepared 150 mM NaCl solution for three hours
every three days. By doing so, plants survived at least four weeks. Inhibition of
leaf growth became obvious by the end of the four-week treatment.

Dehydration stress:
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A) Soil Experiment:
Seeds were germinated in MiracleGrow potting soil (Scotts, OH). Fourweek-old plants were subjected to drought stress by withholding water. Plants
were closely monitored for initial wilting. Plant growth, including leaf number
and size, was also recorded. After plants became completely wilted, plants were
re-watered. The number of plants recovered was recorded.

B) PEG-induced Dehydration Stress:
Seeds were surface sterilized and germinated in phytagel plates as describe
above. When roots were about 1 cm long, seedlings were transplanted into new
phytagel plates which were pretreated with a 33.5 % PEG solution to reach a
water potential of about -0.85 MPa. The PEG plates were prepared as described
by van der Weele et al. (2000) . Briefly , 35 mL of 33.5% PEG solution containing
0.5X MS and 2% sucrose at pH 5.8 (autoclaved for 15 min at 15 psi) was added to
the plate containing 35 mL MS-phytagel solid medium and allowed to equilibrate
for 16 h. The plates were ready for use after removal of PEG solution. Root
elongation was recorded daily. The root elongation rate and total root length were
calculated.

Low temperature and freezing stress:
Seeds were germinated and seedlings were grown in MiracleGrow potting
soil. Four-week-old plants were placed in a freezer (-25 to -30 °C) for one hour.
After treatment, plants were moved to the cold room (4°C) for one hour and then
back to the growth chamber for recovery. The survival rate and damage to plants
were scored everyday and photographed (Ishitani et al., 1997).

4.0 Results
GUS staining of promoters:
The effectiveness of strong promoters was confirmed by driving expression of a
reporter gene (GUS) whose products were assayed by a blue color reaction. The deeper
the color , the more abundant the gene product. The results were shown in Figure 4-1.

Figure 4-1: Comparison of promoter
activity by analyzing GUS staining. 1:

reporter gene with actin promoter ; 2:
,

reporter gene with actin promoter
when treated with 150 mM NaCl; 3:
reporter gene with RD29A promoter ; 4:
reporter gene with RD29A promoter
when treated with 150 mM NaCl; 5:
wild type plants as a control.

The results clearly indicated the difference between two promoters. Actin
promoter is strong and constitutive , whereas RD29A promoter is inducible by salt stress
and can reach comparable acti vity levels as actin promoter under stress .

5.0 Results for Gene A

5.1 Gene expression study:
Real-time PCR was performed to examine gene expression in the overexpression transgenic plants. It was indeed found that most of transgenic plants
showed higher expression levels of gene A (line 3 plants with actin promoter and
line 13 plants with RD29A promoter). The average increase in transcript level
was 7.37 ± 2.65 for line 3 plants and 3.78 ± 1.32 for line 13 plants compared to
the control plants. Again, the results indicated that actin promoter is stronger than
RD29A promoter under normal growth conditions .
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Figure 5-1: Transcript level of gene A in transgenic plants
The transcript level was analyzed using a RT-qPCR method. The data are
presented as a fold change, i.e. a ratio of the transcript level of transgenic plants
and the transcript level of control plants . The red line indicates the fold change
for the control plants (=I) as a reference line. Each number on X-axis in the
figure represents an independent line that was over-expressing gene A with
RD29A promoter (total 7 lines for line 13 series) or actin promoter (total 5 lines
for line 3 series). This experime nt was only performed once.

5.2 Salinity stress:
Most lines, both 3 lines and 13 lines that had been tested, showed
improved root growth in salt plates . The improved root growth was consistent for
several salt concentrations tested . Several 13 lines showed slightly slower growth
than control plants under no salt condition (control in Figure 5-2) but still showed
better root elongation under salt stress, suggesting an inducible promoter i.e.
RD29A promoter, may play an important role under stress conditions . Line 13-97 did not show an improved root elongation under any salt concentration.
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Figure 5-2: Root growth of 3 and 13 transgenic plants on salt plates
Transgenic control plants and 3 or 13 transgenic seedlings were grown on MS
salt-phytagel medium containing O (control), 50, 75 or JOOmM NaCl (see
Materials and Method for detail). Increase in Root Length (fold) = (Final Root
Length - Initial Root Length) of 3 or 13 transgenic plants I (Final Root Length Initial Root Length) of control plants .

5.3 Dehydration stress:
Transgenic plants over-expressing gene A did not show a difference in
drought tolerance from wild type and
other control plants in a soil dehydration
experiment (see Figure 5-3 for an
example). However, by using

polyethylene glycol (PEG) solution to
mimic dehydration stress on phytagel
plates, we observed a difference between
control plants (wild type plants or
Figure 5-3: Soil Dehydration Test

transgenic plants that were over-
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expressing a GUS gene) and several lines of transgenic plants (Figure 5-4). Line
3-1-3 showed the fastest root elongation on PEG plates. More 3 lines need to be
tested to see if over-expression of gene A with actin promoter will lead to better
root growth on PEG plates.
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Figure 5-4: Root growth of 3 and 13 transgenic plants on PEG plates
Control plants and 3 or 13 transgenic seedlings were grown on MS salt -phytagel
medium which was pretr eated with a 33.5% PEG solution to reach a water
potential of-0 .85 MP a (see Materials and Method for details) . Increase in Root
Length (fold) = (Final Root Length - Initial Root Length) of 3 or 13 transgenic
plants I (Final Root Length - Initial Root Length) of control plants .

5.4 Freezing stress:
Transgenic plants, both 3 and 13 lines, were also tested for freezing stress
tolerance and were compared with control plants (either wild type or the
transgenic plants that over-expressed a GUS gene). The experiment was only
performed once for 3 lines and twice for 13 lines, as described in Materials and
Method. Due to large variation, no reliable conclusion can be made from the
results (data not shown) .

5.5 Early flowering:
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Over-expression of gene A with actin promoter resulted in flowering an
average of 6 days earlier than the control plants. However, over-expression of
gene A with RD29A promoter did not alter flowering timing significantly. An
example is shown in Figure 5-5. In contrast, null mutants, mu666, showed a 6-day
delay in flowering (data not shown).

Control 1

3-4-8

3-9-5

Control 2

Control 3

3-10-1

Control 4

Figure 5-5: Earlier flowering of line 3 plants

Three independent lines of transgenic plants over-expression gene A were shown
as an example in comparison with 4 lines of control plants (transgenic plants that
were overexpressing another gene). The early flowering phenotype was
reproducible when compared with other control plants, such as wild type plants,
under all the growth conditions that we tested. The red arrows indicate flowers on
the plants.

6.0 Results (Gene B)
Extensive tests were first done with null-function mutants in comparison with wild type
plants. No significant difference in phenotype and stress tolerance was observed. Thus,
we focused on the characterization of over-expression transgenic plants.

6.1 Gene expression study:
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Real-time PCR was performed to examine gene expression in the overexpression transgenic plants . Most lines examined showed an increase in
transcript level. Two lines, 16-12-6, 16-16-5, only showed a slight increase in
transcript level , while 6-22-7 actually showed a decease in transcript level (Figure
6-1 ). The average increase in transcript level was 11.32 ± 5 .81 for line 6 plants
and 5.74 ± 1.94 for line 16 plants compared to the control plants .
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Figure 6-1: Transcript levels of transgenic plants over-expressing gene B

The transcript level was analyzed using a RT-qPCR method. The data are
presented as a fold change, i.e. a ratio of the transcript level of transgenic plants
and the transcript level of control plants. The red line indicates the fold change
for the control plants (= I) as a reference line. Each number on the X-axis in the
figure represents an independent line that was over-expressing gene B with
RD29A promoter (total IO lines for line 16 series) or actin promoter (total 6 lines
for line 6 series).

6.2 Salinity stress:
Root growth on a solid medium containing different amounts of NaCl (0,
50, 75 or 100 mM) was examined to see if over-expression of gene B would affect
root growth or tolerance to salt. As shown in Figure 6-2, except for two lines
which showed better root elongation than the control, most transgenic lines
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showed no or a decrease in root elongation under salinity conditions, indicating
over-expression of gene B might have caused an increase in root susceptibility to
NaCl.
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Figure 6-2 : Root growth of 6 and 16 lines on salt plates

Transgenic control plants and 6 or 16 transgenic seedlings were grown on MS
salt-phy tagel medium containing 0 (control), 50, 75 or 100 mM NaCl (see details
in Materials and Methods) . Relative Change in Root Length = (Final Root Length
- Initial Root Length) of 6 or 16 transgenic plants I (Final Root Length - Initial
Root Length) of control plants.

An enhanced susceptibility to salt was also observed on plants grown in
soil , shown in Figure 6-4. After plants were irrigated with 150 mM NaCl solution
(see Materials and Methods for details) for 4 weeks, most plants showed
senescence . However , transgenic 6 or 16 lines showed more necrotic leaves than
control plants (wild type or transgenic plants over-expressing a GUS gene). Since
seeds of 6 or 16 lines usually germinated slower and the plants were smaller
compared to the control plants at the time of treatment, the difference in salt
susceptibility (Figure 6-4a) might have been due to a difference in developmental
stages . To address this possibility, we germinated the control plant seeds 10 days
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later than the 16 lines. Again, the 16 lines showed more senescence than the
control plants (Figure 6-4b as an example).

Figure 6-3: Enhanced susceptibility to NaCl in transgenic plants over-expressing
geneB
Plants were irrigated with 150 mM NaCl solution for 4 weeks (see Materials and
Methods for details) . The plants in Figure 6-4a were germinated at the same time,
whereas the control plants in Figure 6-4b were germinated 10 days later than the
16 transgenic plants. The plants shown in the figure are: 1. wild type; 2. 16-3-2 ;
3. C2-8-3 (GUS-transgenic plants as a control); 4. 16-3-1; 5. 16-1-3; 6.C2-14-6
(GUS-transgenic plants as a control); 7. 16-12-6; 8. 16-8-1; 9. wild type; 10.
mu665-8 ; 11. 16-9-2; 12. C2-6-8 (GUS-

16- 1-3
Wild type

transgenic plants as a control) ; 13.
mu665-5; 14. mu665-13 ; 15. wild type; 16.

16-3-2

16-10-5; 17. C2-9-6 (GUS-transgenic

The diagram on right maps each line in
Figure 6-4a.
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C2- 14-6

Wild type

16-9-2

mu665 -8

C2-6-8

mu665 - 13

16-10-5

mu665-5

Wild type

16-12-6
C2-8-3

p lants as a control); 18. 16-8-1.

16-13- 1

16-8-1

Some plants eventually died from salt treatment. The survival rate was
examined and shown in Figure 6-5. It appeared that there was not a consistent
change in the survival rate in the 16 plants compared to the control plants.

Salt treatment of soil-grown plants
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Figure 6-4: Survival rate of soil-grown plants treated with NaCl

The survival rate was determined after plants were treated with 150 mM NaCl
solution for 4 weeks. The dead plants were defined as y ellow plants without new
green leaves after the removal of NaCl solution for a week. A surviving rate was
first determined for each line. Normali zed Survival Rate is a ratio of the surviving
rate of a 6 or 16 line and the surviving rate of the control plants .

6.3 Dehydration stress:
Dehydration tolerance was examined for 6 and 16 line plants either grown
in soil or on PEG-plates. No significant difference was observed between the 6 or
16 transgenic plants and the control plants (data not shown).

6.4 Freezing stress:
Preliminary data indicated that over-expression of gene B may have
resulted in a greater susceptibility to freezing stress. However, the trend seemed to
be clear for 6 lines and not for 16 lines (Figure 6-6a and b ). The difference, again,
could be due to a difference between two promoters.
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Figure 6-6b
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Figure 6-5 : Surviving rate of freezing stressed plants
Four-week old soil-grown plants were treated with freezing temperatures (see
Materia ls and Methods for details) . The surviving rate was first determined for
each line after a week of recovery . Normalized Surviva l Rate is a ratio of the
surv iving rate of a 6 or 16 line and the surviving rate of the contro l p lants. The
lines without error bars were only tested once.
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7.0 Discussion

Plants respond to stresses by changing expression of many different genes.
Regulation of gene expression is achieved through a complex signaling cascade after
plants have sensed the stress. Thus identification of key components in signaling
transduction pathways is a critical step to understanding the mechanisms of how plants
respond to stress, which will in tum facilitate the process of generating more stress
tolerant plants. Two genes we have studied in this project encode a transcription factor
and a kinase, and they rapidly respond to stress treatments . Thus , they could be
candidates for the key regulatory genes .

Gene A was up-regulated by several stresses, suggesting its involvement in
response to multiple stresses . Since gene A encodes a transcription factor, it will regulate
expression of other genes. Over-expression of gene A improved root growth of seedlings
under salt and dehydration stress , indicating gene A plays a role in stress tolerance at the
early stage. A better shoot growth was also observed from seedlings of many 3 and 13
lines treated with NaCl or dehydration stress compared to wild type or other transgenic
plants as a control. However , soil-grown plants showed little improvement in stress
tolerance based on the relative surviving rate, suggesting an improvement of root growth
may not be enough to change overall tolerance of the whole plant. Alternatively, the
stress we applied to the soil-grown plants might have been too severe to observe a
difference.

Gene A may not be directly involved in stress tolerance, but may it be involved in
speeding up growth and reaching the reproductive stage. This notion is supported by the
evidence that over-expression of gene A resulted in faster growth and earlier flowering
even under normal growth conditions . Further, a null mutation of gene A, mu666,
delayed flowering compared to wild type plants under normal growth conditions and did
not show a significant compromise to stress treatments . It is common for plants to flower
earlier under stress conditions so that the species can continue to the next generation.
Gene A could be a key player in this process . It this is true , gene A may have a great
potential in improving plant and crop production under stress conditions in an indirect
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way, i.e. to produce seeds earlier before a drought season arrives or before the salt
accumulation reaches a lethal level in plants. In addition, a shortened life cycle for crops
means savings in labor and resources, such as water.

It will be important to understand how gene A controls flowering timing. Based
on our current understanding, flowering is controlled by four major pathways in
Arabidopsis: vernalization, day length, an autonomous pathway and the plant hormone

gibberillic acid (Putterill et al., 2004). The different pathways eventually converge and
control several key components in flower initiation . Gene A could potentially fit into one
of the known pathways and regulate those key components. Or, gene A itself could be a
master regulator. Of course, it is also possible that gene A represents a new signaling
pathway for controlling flower timing .

Expression of Gene B was down-regulated by several stresses based on the
microarray data (Kreps et al. 2002), implying gene B could be a negative regulator of
stress response . This was supported by our results, i.e. over-expression of gene B
compromised plant tolerance to stresses . Gene B encodes a kinase, which modifies other
components' activity by adding a phosphate group to them . To explain the increased
susceptibility to stresses in the over-expression transgenic plants, gene B products could
have activated pathways that hindered plant response to stresses or inactivated the
components that were required for stress response. Further work is needed to distinguish
these possibilities .

A null function mutant is a powerful tool to provide genetic evidence for gene
functions. Mutants for both gene A and B did not show a change in stress tolerance,
suggesting gene A and B might not be involved in stress tolerance directly, as stated
above. However, lack of phenotype can also be due to functional redundancy of other
genes. Since gene A and B are single-copy genes in the genome, the possibility of genetic
redundancy can be eliminated.

8.0 Conclusions

We have provided strong evidence for the roles of two genes in stress response. Under
stress conditions , gene A seems to help accelerate growth and reach the reproductive
stage. Thus gene A can potentially be used for improving plant and crop production.
Over-expression of gene A will shorten the time for vegetative growth and will cause
seeds to set earlier , which will help plants effectively avoid drought later in the season or
minimize exposure time of plants to stresses . Even under normal growth conditions, a
shortened life cycle by over-expression of gene A can have a great advantage of saving
water and other resources . On the other hand, gene B seems to be a negative regulator of
stress response, since over-expression of gene B led to a greater susceptibility to stresses.
However since the null mutation of gene B did not seemingly improve plant tolerance to
stresses, the significance of gene B in stress response is still uncertain.
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